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I. SUMMARY

This report deals with the utilization of a new class of shape memory actuators in
controlling and suppressing the vibrations of flexible structures in general and beams in
particular. The need for such active control systems is becoming inevitable because the new
trends in the design of large structures have rendered these structures to be mechanically
flexible and inherently low in natural damping.

The report demonstrates experimentally the feasiblity of using the shape memory
actuators in actively controlling the vibration of a simple cantilever beam. Emphasis is
placed on the measurement of the dynamic characteristics of the shape memory actuator
in the time and frequency domains under various design and operating conditions.

The obtained dynamic characteristics of the actuators are utilized as a basis for design-
ing an active computer-controlled system to suppress the vibration of the flexible cantilever
beam. The performance of the control system is evaluated for the beam subjected to step
displacements.

The obtained results demonstrate the potential of the NITINOL shape memory actu-

ators as a viable means for damping the vibration of flexible systems.

II. INTRODUCTION

Space structures are typically very flexible and possess a low degree of internal damp-
ing. This makes them poor natural platforms for weapons systems and antennae, which
must be able to accomodate retargetting maneuvers without detrimental jitter from vibra-
tions and thermomechanical flutter. Vibration control systems, both active and passive,
provide an obvious answer to the need to minimize the deformations of space structures
sukiect to low frequency dynamic loading(1).

In passive systems, the vibratory energy is dissipated through, for example, controlled
interfacial slip in structural joints(®3), or wave propagation at interfacial joints between
wave materials(®). Passive systems have the advantage of being relatively simple, simple
to design and simple to construct. Their disadvantages include too severe a limitation in
the band of frequencies in which they control efficiently for some applications, and that

they generally act at the expeuse of the rigidity of the structure.




Active control systems suffer neither of these disadvantages. However. these systems

are inherently more compiicateq and we have izr less experience witn them. Moreover,
most of the experience we do have is via theoretica! modelling®=1!%). Of the limited
number of attempts at the experimental validatior. and implementation of active control
systems‘1¢~2%)  proof mass(}¢:17), brushless motors{!?:!1?) and viscous dampers(?®) have
been among the most commonly used type actuators. Recently, piezo-electric actuators
have also gained acceptance, because they have no moving parts and also because of their
light weight, high force and low power consumption. Design and testing of active con-
trollers utilizing piezo-actuators have demonstrated their effectiveness in damping out the

(20-24) and hollow cylindrical masts(2%). In spite of their ad-

vibration of flexible beams
vantages, piezo-actuators require very high excitation voltages — between 300 tc 1400 V
— to control vibrations in the micro inch range. Due to such limitations this study has
been initiated to utilize the rapidly advancing technology of the NITINOL SHAPE MEM-
ORY ACTUATORS to control the vibrations of flexible systems. This class of actuators
represents an attractive alternative as it requires relatively low voltages (about 5 volts) to
generate displacements in the neighborhood of an inch. Such distinct physical properties
of the NITINOL actuators make them simple to use and to control as well.

NITINOL SEAPE MEMORY ACTUATORS have also proven to be successful in
many other applications. Examples include the HITACHI robot hand{?®) and robotic
device(26), radiator valves(?7), green house vents(??), and liquid/gas switches(2?). In all
these applications the NITINOL actuators have demonstrated their light weight, large force
anc displacement capability, and low power consumption. Accordingly, such actuators
provide exciting possiblities for miniaturization, simplicity and reliablilty.

In this study emphasis is placed on measuring the time and frequency response char-
acteristics of differently configured actuators {different wire diameters, different lengths),
a. Gifierent voltage levels (the heating mechanism), diﬂ'erer}t cooling strategiec, and differ-
ent ioading levels. This data is used to provide the basis for a mathematical model of the
dynamic characteristics of the actuator, which is key input in the design of any vibration

control system.

Furthermore, the study demonstrates theoretically and experimentally the feasiblity
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of using the NITINOL SHAPE MEMORY ACTUATOR to suppress the vibration of a

specific structure — a cantilevered beam.

III. THE NITINOL SHAPE MEMORY ACTUATOR

The shape memory actuator relies in its operation on the unique behavior of the alloy
NITINOL which is an acronym for Nickel Titanium Naval Ordinance Laboratory, when
it undergoes a martensitic transformation. When the actuator, shown as a helical spring

in Figure 1, is cooled below its martensitic transformation temperature and deformed, it

will remember its original shape and return to it if heated back past the transformation
temperature. The phase transformation to austenite produces significant forces as the
alloy recovers its original shape. Therefore, the alloy can act as an actuator converting
thermal energy to mechanical energy.

With the recent advances in NITINOL technology, phase transformation temperatures
of about 40 to 50°C are common. Therefore natural cooling of the actuator, A, to ambient
room temperature will make it assume its martensite phase. A passive restoring spring,
B, as shown in Figure 2, can be used to stretch the cold martensite actuator to assume
position P;. When heat is applied to the actuator, by passing an electric current through
it, it undergoes the phase transformation, shrinks to assume a new position, P2, and
provides in the process a significant force F. This force can pull the piston, C, inside
the cylinder, D, in effect moving the end E relative to the end O. Accordingly, if the
two ends, £ and O, are connected to two points on the flexible structure, the spacing
between these points can be controlled within acceptable limits in the presence of external
disturbances. Figure 3 shows typical placement arrangements of the NITINOL actuator
in a generic space structure. In this figure three basic configurations of the actuator are
used. In the first two configurations, the actuator is shaped as a helical spring to perform
either linear or angular actuations. In the third configuration, the actuator is a straight
wire. The helical configurations are suitable for producing large deformations whereas the
simple straight configuration lends itself to generate smaller deflections.

The performance of any of these configurations will depend on the dynamic behavior

of the actuator alloy, as influenced by its geometrical and physical properties, as well as
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the design and operating parameters of the actuator itself.

IV. DYNAMIC CHARACTERISTICS OF NITINOL ACTUATORS

The dynamic characteristics of NITINOL actuators are determined from measuring
the time and frequency response characteristics of helical and straight wire actuators of

different geometrics under different operating conditions.

A. The Tested Actuators

Table 1 lists the main properties of the NITINOL alloy used in manufacturing the
various actuators by Innovative Technology International, Inc. Table 2 lists the main

geometrical parameters of the actuators considered in this study.

B. Time Response
1. Testing facility.

Figure 4 shows a schematic drawing of the test set-up used in monitoring the time
response of the NITINOL actuators. The NITINOL actuator, A is placed in the set-up
such that one end of it is clamped to a tube, B, while its other end is attached to another
tube, C. The two tubes are free to move relative to each other in a telescopic fashion.
Phenolic plastic is used to manufacture these two tubes in order to make them electrically
non-conducting. In this way, all the inputted electric power will be used to heat the
NITINOL actuator.

The relative motion of the two tubes is monitored continuously by the non-contacting
Linear Variable Differential Transformer (LVDT), G. This tranducer provides a linear
voltage over a large travel range (0.025 m) and offers no frictional resistance which would
affect the obtained results.

Heating the NITINOL actuator, by applying an electric voltage, causes it to shrink
thereby forcing the telescopic tube, C, inside tube, B. This motion is resisted by a return
spring, D, and weight, E. When the electric voltage is switched off the actuator will cool,
past its transformation temperature. The potential energy stored in the return spring and
the weight will return the actuator to its original length. The upward and the downward

motions of the actuator are monitored on a chart recorder, along with the time history of




TABLE 1. MAIN PROPERTIES OF NITINOL ACTUATORS

PROPERTIES VALUES
I. Phase Properties
1. Transformation Temperature (T'r) 50° C
2. Latent Heat of Transformation (QL) 12,620 J/kg
3. Percentage Shape Memory 4-8%
II. Physical Properties
4. Density (p) 6.5 gm/cm?®
5. Thermal Conductivity (k) 0.18 w/ecm°C
6. Thermal Capacitance (c,) 883 J/kg°C
7. Coefficient of Thermal Expansion
Martensite 11E-6 /°C
Austenite 6.6E-6 /°C
I1I. Mechanical
8. Young’s Modulus (E) 70 GPa
9. Poisson’s ratio (v) 0.33
10. Yieid Strength (S,) =~ 420 MPa

TABLE 2. PARAMETERS OF THE ACTUATORS TESTED

ACTUATOR TYPE WIRE NO. OF TURNS WEIGHT | TESTS
NO. DIAMETER or LENGTH
(in/cm) (m) (gm)
1 H! .016,/0.04 4 turns 0.137 T?
2 H 11 turns 0.326 T
3 H 15 turns 0.472 T
4 H 29 turns 0.784 T,F3 C*
5 H 0.022/0.055 29 turns 1.657 T
6 H 0.025/0.0625 7 turns 0.643 T
. 7 H 12 turns 0.955 T
8 H 17 turns 1.354 T
9 H 0.030/0.075 29 wurns 2.998 T
10 H 0.035/0.0875 29 turns 4.225 T
11 S® 0.016/0.04 0.05 m 0 N42R T
12 S 0.125 m 0.107 T

H = Helical actuator T = Time response F = Frequency response

C = Cooling strategy S = Straight actuator
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the applied electric voltage. These recordings are used to determine the effect of applied
voltage on the heating and cooling time constants of actuators made of different wire

diameters and lengths.
2. Results
2.1 Helical Actuators

(i) Effect of wire diameter. The effect of varying the wire diameter on the time
response characteristics of the actuators can best be understood by considering a sample
of the heating and cooling histories recorded for actuators that have wire diameters of
30 and 35 mils (or 0.075 and 0.0875 cms). Figures 5-a and 5-b provide such a sample
for actuators subjected to step voltage changes of 5 volts. The displayed histories are for
helical actuators that have a coil diameter of 3/8 in (0.938 cm) and 29 turns.

Figure 5-a shows the response to a step input voltage to be an exponential approach
to a steady state plateau. At this point, the actuation force resulting from the phase
change is counterbalanced by the compressive force generated in the return spring and a
state of equilibrium is attained. When the voltage is switched off, the actuafor cools, by
natural convection, and softens as it passes through its transformation temperature. In its
martensitic phase the actuator can be easily stretched to its original unheated position by
the recovery of the potential energy stored in the return spring. The figure shows that the
expansion process of the actuator during the cooling phase is also exponential.

Two time constants, 7, and 7, are therefore necessary to quantify the speed of response
of the actuator during the heating and the cooling processes respectively. These two time

constants are defined as:

Th = 1'443t%h (1)

and

re = 1.443¢,, (2)

where t1n,c are the times needed to rise or drop to half the maximum amplitude of deflec-

tion during heating and cooling respectively.

10
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For the history illustrated in Figure 5-a we have r, = 12.1s and 7. = 17.3s. Also
obtained from the figure is the amplitude of maximum travel of the actuator, 0.48 c¢m, for
a return spring with a stiffness, K,, of 580 N/m.

It is interesting here to note that the time history of the input voltage signal exhibits
a degree of overshoot during its application to the actuator. This can be attributed to a
change in the electrical resistance of the actuator alloy as it undergoes the phase change
from martensite to austenite, an observation reported by Benson et. al.(31) For a constant
current power supply the increase in resistance results in the slight decrease in the voltage
that one can observe in the figure.

Figure 5-b indicates similar trends for an actuator made of a 35 mils (0.0875 cm) wire.
One should, however, note that increasing the diameter of the actuator wire results in a
significant increase in the maximum amplitude of deflection. But, this is at the expense of
deiaying considerably the speed of response during the heating and the cooling processes.
Under the same conditions as those used in testing the 30 mils actuator, the 35 mils
actuator produces a maximum trave] of 0.95 ¢m with 7, = 19s and 7. = 26 s.

A compilation of results obtained by analyzing histories of actuators made of wire
diameters of 16, 22, 30, and 35 mils (0.04, 0.055, 0.075, and 0.0875 cm), subjected to
various levels of step voltage changes, up to 10 volts, is given in Figures 6-a, 6-b, and 6-c.

Figure 6-a shows the effect of changing the level of the input step voltage on the
heating time constant, 7, for actuators of different wire diameters. Figures 6-b and 6-c
show the combined effect of changing the input voltage and wire diameter on the cooling
time constant, 7., and on the maximum displacement, respectively.

From Figure 6-a, it is clear that increasing the wire diameter results in slowing the
response speed, during heating. This is mainly due to the increased mass and thermal
capacitance of the actuator. That such a reduction in the response speed can be offset by
increasing the level of the input voltage can also be seen from Figure 6-a. The higher the
input voltage the faster the actuator will go into its phase transformation and the faster
it will be able to provide its force recovery capability.

Increasing the actuator diameter also results in slowing the response during cooling,

as manifested in Figure 6-b. Improvement in the speed of cooling can be achieved by

12
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reducing the level of input voltage, the opposite of that required for improving the heating
speed.

Figure 6-c shows the maximum deflection of the actuators to increase considerably by
increasing either the wire diameter or the level of the input voltage.

In general one might conclude, therefore, that for control purposes, where the speed

of response is of prime importance, actuators with smaller wire diameters are essential.

(ii) Effect of wire length. The effect of the actuator wire length on its time response
characteristics can be demonstrated by a sample of the heating and cooling histories for a
16 mils actuator manufactured with 4, 11, and 15 turns. This is shown in Figures 7-a, 7-b,
and 7-c respectively. These time responses were obtained for the three actuators subjected
to step voltage changes of 3 volts.

The computed heating time constant, 7, obtained from these figures are 0.6, 2.2, and
2.6 s for the actuator lengths of 4, 11, and 15 turns, respectively.

Increasing the actuator length results, therefore, in slowing the response during heat-
ing.. This is to be expected because of the increase in the thermal capacitance of long
actuators. Further, increasing the actuator length also increases its electric resistance,
R, thereby reducing its electric power consumption, V2 /R, for a given input voltage, V.
These two factors account for tﬁe observed slow response during heating.

The computed cooling time constants, 7., for these same actuators are 11.5, 5.6, and
2.6 s, respectively. Increasing the actuator length produces a significant improvement in
the response speed during cooling. Such an observation is attributed first to the increase
in the dissipation surface area of the wire and second to the decrease in the input electric
power, V2 /R described above.

Finally, a comparison between Figures 7-a through 7-c indicates that the actuator
maximum displacement increases as the actuator length decreases.

A compilation of results obtained from the analysis of the histories of other actuators,
subjected to step voltage changes up to 10 volts, is summarized in Figures 8-a, 8-b, and
8-c. The figures show the effect that the level of applied step voltage has on the heating
time constant, cooling time constant and maximum deflection respectively for actuators of

different lengths and 16 mils in diameter.

16
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Figures 9-a, 9-b, and 9-c show the corresponding characteristics when the wire diam-

eter of the actuator is increased to 25 mils (0.0625 cm).

(iii) Effect of cooling strategy. The effect of changing the cooling strategy of the
actuator from natural to forced convection, is studied for actuators that are made of 16
mils wires with 29 turns. Figures 10-a through 10-e show the histories during cooling
obtained by blowing air on the actuator, at velocities ranging between 0 and 7.2 m/s. In
these figures, the actuator is subjected to step voltage changes of 10 volts. It is evident
that the speed of response of cooling is improved significantly with increased convection
currents. For example, for a convection velocity of 7.2 m/s, the cooling time constant
drops to 2.6 s. The figures further indicate that forced air convection has not affected the
response history during heating, nor has it affected the maximum amplitude of deflection
to any significant extent.

A summary of the results obtained from the analysis of Figures 10-a through 10-e is

given in Figure 11.
2.2 Straight Actuators.

The effect of using plain straight wires, on the dynamic characteristics of the actuators
is studied for actuators made of 16 mils (0.04 cm) wires.

Figures 12-a, 12-b, and 12-c summarize the effect of the applied voltage on the heat-
ing and cooling time constants and on the maximum deflection for straight actuators of
different lengths. These figures exhibit the same trends observed in the case of helical
actuators but most importantly one could see that the heating and cooling time constants
are much smaller., Furthermore, the voltages required to energize the actuator are also

much smaller. But these advantages are at the expense of smaller deflections.

C. Frequency Response.

The response characteristics of the NITINOL actuator subjected to pulsating voltage
changes of different frequencies is studied for a helical actuator made of 16 mils (0.04 cm)

wire with 29 turns.
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1. Testing Facility.

Figure 13 shows a schematic drawing of the testing facility used for studying the
frequency response of the NITINOL actuators. The core of the facility is a microprocessor
(6510), A, 1o which a peripheral adapter (PIA-MC6821), B, is interfaced. The adapter
is used to drive a high voltage/high current Darlington Transistor (MC 1416) driver, C,
which is used to energize a relay coil, D. When energized the coil allows for a constant
voltage from the power supply, E, to be applied across the actuator, F. The level of the
input voltage step can be controlled by a potentiometer. The resulting displacement of
the actuator is monitored by the LVDT displacement sensor. The displacement and input

pulsating voltage signals are recorded and plotted on a chart recorder.
2. Results

(i) With natural cooling. Figures 14-a, 14-b, and 14-c show the histories of the
displacement of the NITINOL actuator when subjected to pulsating voltage inputs of 10
volts, at frequencies of 1/36, 1/20, and 1/7, respectively.

Figure 14-a shows an oscillatory response with the maximum deflection point, A4,
obtained during heating and another maximum, B, other than its original position, C,
obtained during cooling. This type response is attributed to a very slow cooling process
which does not allow the actuator to attain its original temperature before the second
pulse is applied.

Increasing the frequency of application of the pulsating voltage to 1/10 Hz results in
the response shown in Figure 14-b. The figure indicates that the actuators response is still
oscillatory but with reduced amplitude of oscillation. Also, the maximum deflection of the
actuator is observed to be reduced slightly with the increased excitation frequency.

Further increase in the excitation frequency to 1/7 Hz has the actuator reach a static
postion, as shown in Figure 14-c, which is slightly lower than those attained at the two
lower frequencies. Under such conditions the actuator is not responding to the input exci-
tations as it beomes incapable of cooling down because of the frequent heating effect. An
equilibrium state is attained in which the heat losses form the actuator are counterbalanced

by the electric heat which is supplied over very short periods of time.
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FIGURE 14-a. HEATING AND COOLING TIME HISTORIES
FOR 16 mils ACTUATOR WITH 29 TURNS
WHEN SUBJECTED TO SUDDEN VOLTAGE CHANGES OF 10 VOLTS
AT A FREQUENCY OF 1/36 Hz UNDER NATURAL COOLING CONDITIONS.
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FIGURE 14-b. HEATING AND COOLING TIME HISTORIES
FOR 16 mils ACTUATOR WITH 29 TURNS
WHEN SUBJECTED T9 SUDDEN VOLTAGE CHANGES OF 10 VOLTS
AT A FREQUENCY OF 1/20 Hz UNDER NATURAL COOLING CONDITIONS.
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FIGURE 14-¢. HEATING AND COOLING TIME HISTORIES
FOR 16 mils ACTUATOR WITH 29 TURNS
WHEN SUBJECTED TO SUDDEN VOLTAGE CHANGES OF 10 VOLTS
AT A FREQUENCY OF 1/7 Hz UNDER NATURAL COOLING CONDITIONS.




(ii) With forced cooling strategy. When air flows past the actuator at a velocity
of 7.2 m/s. a considerable improvement in the actuator frequency response characteristics
results. Figures 15-a, 15-b. and 15-c show such im:pr - ment for excitation frequencies of
1/36, 1/20, and 1/7 Hz respectively. For the twc ..w. - ‘requencies the actuator responds
completely to the input excitations, oscillating betwer- :'s original position and the max-
imum deflection limit. At the higher frequency lim:: tne performance deteriorates but it
is still far superior to that recorded with the natura. cooiing.

Figure 16 provides a comparison between the frequency response characteristics of
the NITINOL actuator as influenced by the cooling strategy. In this figure, the amplitude
ratio is defined as the ratio of the actual travel of the actuator to its maximum travel. The
considerable improvement obtained for a forced cooling strategy in the actuator frequency

response characteristics, is clearly seen.

. MATHEMATICAL MODELING OF THE DYNAMIC CHARACTERISTICS

OF THE NITINOL ACTUATOR

A simplified mathematical model is developed in this section to enable prediction
of the dynamical characteristics of the NITINOL actuator. The model will incorporate
the requirements of energy and momentum balance as well as a model for the phase
transformation. The development of the model is guided by the experimental results

obtained in the previous section.

A. The Model.

Figure 17 shows a schematic drawing of a typical NITINOL actuator system similar

to the test set-up used in this study.
1. Energy and Phase Transformation Equations.

A voltage, V, and current, I, are applied to a NITINOL actuator, originally at ambient
temperature, T,, results in a temperature, 7', which changes with time, ¢, as governed by

an equation of energy balance,

energy input = energy lost + energy stored,
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FIGURE 15-c. HEATING AND COOLING TIME HISTORIES
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(AIR COOLING VELOCITY = 7.2 m/s).
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FIGURE 17. SIMPLIFIED DRAWING OF
A TYPICAL NITINOL ACTUATOR SYSTEM.
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or

T

V. I=hA(T -7, - =, —, (3)
ct
where
h is the convective heat transfer coefficier: te'ween actuator and ambient
A is actuator surface area, given by
A=mndL. (4)
d is diameter of actuator wire
L is length of actuator wire
is actuator mass, given by
T
m = p—d?®L (5)
4
‘and
0 is density of actuator material.
cp is specific heat of actuator material.

Figure 18-b shows a typical temperature history of the actuator, subjected to the
sudden voltage change, displayed in Figure 18-a. The wire temperature rise is exponential,
a form dictated by Equation (3). When the wire temperature reaches its phase transfor-
mation temperature, 7, its temperature will remain constant at Tr until the process of
phase transformation is completed.

The time, ¢, needed to reach Tr can be determined from Equation (3),

1
tl = Tth In ) (6)
(T —Tu
{1 - (V7}7hAg}
where 73, is the thermal time constant of the NITINOL actuator, given by

mcyp

Tth =
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FIGURE 18. VOLTAGE, TEMPERATURE, FORCE, AND DISPLACEMENT PROFILE
OF A TYPICAL NITINOL ACTUATOR.
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Also, the time, (t2 — t;), needed to complete the phase transformation can be determined

from:

(ty — t,) = 47y (8)

A, . . . . .
where 73 is the heating time constant of the actuator to be determined from dimensionless
modelling of the experimental results.

Once this phase transformation is completed the wire will start warming again until

it reaches a maximum temperature (Tmax), given by

VI

Tmax = Ta + H ’ (9)
after a time period (t3 — t3), given by
(13—12) = 4T¢p — 1. (10)

If the applied voltage (V) is switched off suddenly, the NITINOL actuator will begin
to cool as heat is lost, a process that is accelerated by natural convection. After a period

of time (t4 — t3), given by

Ty L)), »

(tg —tz) = mnln [ Tr —T.)
the actuator’s temperature reaches the martensite transformation temperature Tr. At
that temperature the NITINOL starts to transform from austenite to martensite as it
loses its latent heat to the ambient. This transformation will take place over a period of

time (ts — t4) given by:

(ts — tg) = 47 (12)

where 7. is the cooling time constant of the actuator to be determined from dimensionless
modelling of the experimental results.
Following the completion of this transformation process the actuator continues to cool

exponentially from Tr to T, over a time period (ts — t5) given by:
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(te —ts) = 47sp — (t4 — t3) (13)

Equations (5) through (13) describe completely the thermal behavior of a NITINOL

actuator when subjected to step voltage changes.
2. Equation of Motion.

The motion of the NITINOL actuator is caused by the generation and the recovery
of forces resulting from its phase transformation. Figure 18c shows the history of these
phase transformation forces, conforming to the temperature history outlined above. As
indicated, forces resulting form the thermal expansion and contraction of the wire during
its heating (from T, to Tr) and cooling (from Tr to T,) are neglected in comparison to
the much larger phase transformation forces. Furthermore, it is assumed that the phase
transformation forces are generated and recovered, during the phase change, exponentially
in time.

With such simplifying assumptions, one can write the equations that govern the mo-

tion of the actuator and appendages attached to it as follows:

M,z + (Ky+ Ky)z=F (14)
where
M, is the equivalent mowing mass of the actuator and its attached appendages
K, is the stiffness of the return spring
K, is the stiffness of the actuator given by(32)
K, = —dt—G— (for helical actuators), (15)
8D3N
G is modulus of rigidity of NITINOL
D is the coil diameter of the'actuator
N is the number of turns of the actuator
or
K, = Wjj_JE (for straight wire actuators), (16)




E is Young’s Modulus of elasticity of NITINOL

F is the force acting on the actuator system given by:

F=0 Foro0<t<t; (a)

= Faax(l—€™)  t1<t<t, (b)
= I'max to <t <ty (C) (17)

t—t,)
= Froaxle™ %] t<t<ts (d)
=0 ts <t <tg (e),
where

Frax = (Ka""Kw)Xma.X1 (18)

with X.x as the maximum deflection of actuator to be determined from dimensionless
modelling of the experimental results.

The displacement history of a NITINOL actuator subjected to sudden voltage changes
is obtained on integrating Equation (14). The result is shown in Figure 18d. It is seen
that the actuator remains stationary until its temperature reaches the phase transforma-
tion temperature Tr. Then, it starts shrinking according to the second order differential
Equation (14) under the influence of the gradually increasing phase transformation force
F, of Equation (17b). A final steady state deflection Xypax is then attained and maintained
as long as the applied voltage is maintained. .

Once the applied voltage is switched off, the actuator will stay stationary at X.x for
a duration of (t4 —t3) until its temperature cools to T'r. At that point, the phase recovery
force will gradually bring the actuator back to its original position. This is then followed
by a period (tg — t5) during which the actuator remains stationary as it continues to cool,
once again achieving the temperature of the ambient.

It is, therefore, evident that the three processes of heating and cooling, phase trans-
formation as well as actuator’s motion are interacting closely to control the operation
of the actuator. Furthermore, the developed model shows that the physical properties

of the NITINOL (p,¢p,T7,G, and E'), the geometrical design parameters of the actuator

b3




(d,D, L, or N), the cooling strategy (k) and the operating conditions (V, I, K,, and M,)

each alone and all combined influence the dynamic performance of the actuator system.

one must describe the three parameters 7,7, an: %. |,

geometrical parameters as well as the cooling a:. :

In order to complete the development of the < :.a..c model of the NITINOL actuator,

- terms of the physical properties,

+-ating conditions. This process is

achieved through dimensionless modelling of the ex;.¢-.rnental results.

B.

Dimensionless Modeling of the NITINOL Actua:--

In view of the developed model of the NITINOL actuator, one can easily see that

there are 19 main parameters that influence its performance. These parameters are:

(i) Physical properties of actuator

1. density P
2. specific heat cp
3. Latent heat of transformation Qr
4. Transformation Temperature Tr
5. Young’s Modulus of Elasticity - E
(ii) Geometrical design parameters of actuator
6. Wire diameter d
7. Wire length
) (iii) Cooling strategy parameters
8. Convective heat transfer coefficient h
9. Density of cooling medium Pa
10. Conductivity of cooling medium ko
11. Viscosity of cooling medium La

12. Thermal expansion coefficient of

cooling medium B

4y

kg/m3
J/kg °C
J/kg
°C
N/m?

w/m?°C
kg/m®
w/m °C

kg/ms

[ C—l




13.
14.
15.

16.

17.
18.
19,

© ® N O ¢ or oW N

10.

11.

12.

Specific heat of cooling medium
Gravitational acceleration

Temperature of cooling medium

(iv) Operating conditions
Mass of elastic system
connected to actuator
Stiffness of elastic system
Applied voltage to actuator

Applied current to actuator

Ca J/kg °C
g m/s®

T, °C

M, kg

K, N/m

|4 volts

I Amp.

Accordingly, one can write 15 independent dimensionless groups which are:

Nusselt number
Grashoff number
Prandt! number
Thermal expansion number
Density ratio
Specific heat ratio
Length to diam ratio
Stiffness ratio (g:-)
Thermal dynamic time constant ratio
Transformation to cooling medium
temperature ratio
Maximum wire to cooling medium
temperature ratio
Stored to transformation thermal

heat energy ration

Nu = hd/k,
2
Gr = gB(Tr — T.)d*/ (&)
Pr=couq/k,
BT,
Pa/p
ca/Cp
L/d

= K,L/%d"’E for straight wire actuator
8rh

verd] ( 7855r)

I&/I}




13. Mass ratio p%Ldz/M,
14. Elastic to transformation energy ratio E/pQr

15. Dimensionless time 2r/gK,/dM,

These fifteen independent groups can be used to model the experimental results in
a dimensionless form. This can be useful in extending the applicability of the mode! to
actuators of other geometries operating under different operating conditions using the

developed dimensionless similarity conditions.

C. Modeling of Experimental Results.

The developed 15 dimensionless groups are used to model 74,7 and Xmax by writing

Th L\ * K, \* pcod o
——— =g, Nu* Gr®? (——) . < - ) |
( 2 ) d Ko VR

viy\® o x aapN b be
(%Z) '(45)\;,L> '<27r\/ Zﬁ:) . (20)

and

. ca cq cs
Xmax =coNu Gr® (.Ii : (K‘> . ——p:phd"
L d Ku TR
Ce - cr Cs
. _(_lv_'_il . l.piiil'. | 2wy / 9K, (21)
Ta Ma dlws ’

where the constants aq through ag, bg through bg, and ¢y through cg are to be determined

from the test data using nonlinear multivariable regression analysis(33), In writing these

ue




equations we included only the dimensionless groups that were pertinent to the experi-
mental procedures. Other groups that were not varied during the testing protocols were
excluded. Table 3 lists the computed values of the coefficients in Equations (19) through
(21).

TABLE 3. MODELING COEFFICIENTS FOR 74,7c, AND Xpnax

Coefficient a b ¢
Subscript
0 2.57x10%¢ 1.746x10%7 0.794x10~6
1 -2.6020 -2.48600 0.69910
2 0.4080 0.53300 -0.40160
3 -0.6945 -1.13500 1.09490
4 0.0305 0.00372 0.02885
5 -4.1190 -7.06000 0.98220
6 " -1.0726 0.65840 -0.47800
7 -0.1196 -1.25710 -0.00373
8 -3.7000 -3.65300 2.64600

Figures 19-a, 19-b, and 19-¢ show a comparison between the experimental and the mod-
elled dimensionless 75, 7. and X, respectively. The figures indicate that the obtained
dimensionless models simulate closely the experimental results. This is manifested clearly
by the computed multiple correlation coefficients which are found to be 0.925, 0.868 and
0.910 for i, 7. and Xax respectively.

The mathematical model of the actuator given by Equations (3) through (18) along
with the dimensionless Equations (19), (20) and (21) can be used to describe the thermal
and dynamic behavior of NITINOL actuators of different geometries, subjected to various
operating conditions. These equations are utilized as a basis for designing active vibration

control systems that are based on NITINOL actuators.

VI. DESIGN AND TESTING OF ACTIVE CONTROL SYSTEM
USING NITINOL ACTUATOR

The developed experimental and theoretical characteristics of NITINOL actuators

ur




"SEHONVHOD IDVIIOA ASHIAIA OL AALDALANS
SHAIULINOITD INUITIIIA 40 SHOLVALIOV TONILIN HOd
SLNVLSNOD AWIL ONLLVAIH SSATNOISNIWIA AATIAON ANV TVLNIWIUIJIXA
NUIMLIG NOSIUVAWOD V "e-6T TUANDIA

LHYLSIRY HHLE "3 LUAH" dXT
IRRY T W m_ﬁ_a: 9 w._s___.b_s__ K il} Ass K i} ﬁ:s 0 I

poind g N
o« U140 11) I
* - B0+E60 "9

o _. )
\F'L__,sg_ L Ll ,.“
b ;

gsaon s 1

ig




'SUONVHD HOVLTIOA ASUTAIA OL AALDArdNsS
SHIYLIANOTD INTUTJIITAA 40 SHOLVALDV TONLLIN Y04
ILNVLSNOOD TIWLL ONI'TOOD SSAINOISNAWIA dATAAONW ANV TVINTAWIUAI XA
NUIM LI NOSIHVAINOD V ‘qQ-6T JUNDIA

HULSHOD AHLL 541000 " I3
RPN :_;M:.; ca__m_._::.w._ c?,u_%.m He+100°4 ),

- 00307

LA 11 N

LEUEIN
. (

TIOOH 114 L2 ]
ST U

49




‘SADNVHO ADVLIOA ASUAAIA OL AALDALENS
STIULIWOITD INFUTIJIA A0 SHOLVNALOV TONLLIN HOJ
ALNIINID VIISIAd WANWIXVIN SSTTNOISNTINWNIA AATAAOW ANV TVLNIWIUIAJ XA
NIIMLTG NOSIUVAINOD V 26T AUNDIA

JEHDV W19 81 AN

SR 100" a:+¢::.w aS+@cs.N a$+mc=.: M

RN (i) A

-

A -~ ofrioRy

® oo.*o'“!o o w

"o ;
k\... S
[} | _H

o -© .
P ,"
A G LI L 1

e G LI Lt LU

!
0

H

50




D ViCES

LC%40S
H:ah Speed 4- &8 Channel 8 Blt ABCS

FEATURES

4 or 8-Anailog input Channels

Built-in Track/Moild Function

10kHz Signal Handling on Each Channel
Fast Microprocessor interface

Single +5V Supply

Low Power: 4A0mW

Fast Conversion Rate, 2.5us/Channel
Tight Error Specification: 1/2LSB

GENERAL DESCRIPTION

The AD7824 apd AD7828 are high-speed, multichannei, 8-bit
ADCs with a choice of 4 (AD7824) or 8 {AD7828) muiupiexed
analog inputs. A half-flash conversion technique gives a fast
copversion rate of 2.5us per channel and the pans have a built-in
track/hold function capable of digiuzing full-scale signais of up
to 10kHz (157mV/us slew rate) on all channeis. The AD7824
and AD7828 operate from a single + 5V supply and have an
analog input range of 0 to + SV, using an external + SV
reference.

Microprocessor interfacing of the parts is simple, using standard
Chip Select (CS) and Read (RD) signais 1o iatitiate the conversion
and read the data from the three-state data outputs. The half-flash
conversion technique means that there is no need to generate 2
clock signal for the ADC. The AD7824 and AD7828 can be
interfaced easily to most popular microprocessors.

The AD7824 and AD7828 are fabricated in an advanced, all
jon-implanted, Linear-Compatible CMOS process (LC*MOS)
and have low power dissipaton of 40mW (ryp). The AD7824 is
available in a2 0.3" wide, 24-pin “skinny”’ DIP, while the AD7828
is packaged in a 0.6” wide, 28-pin DIP.

PRODUCT HIGHLIGHTS
1. 4 or 8-channel input multiplexer gives cost-effective space-
saving multichannel ADC system.

. Fast conversion rate of 2.5us/channel features 3 per channel
sampling frequency of 100kHz for the AD7824 or 50xH: for
the AD7828.

[ F]

information fyrnished by Angiog Devices 13 bel)eved to be accurate
ano reliadie. However, no responsibility s assumed by Anaiog Devices
for 1ts use. nor for any infringements of parents or other rights of third
parties which rmay resyit from its use. No license s granted by implica
tion or Otherwise under any patent or patent nghts of Anglog Devices,

3. Built-in track-hold function allows handling of 4 or 8<channeis
up to 10kHz bandwidth (157mV/ps slew rate).

4. Tight total unadjusted error spec and channel-tochannel
matching eliminate the need for user trims.

S. Single +5V supply simplifies system power requirements.

6. Fast, easy-to-use digital interface allows connection to most
popular microprocessors with minimal external components.
No clock signal is required for the ADC.

AD7824/AD7828 FUNCTIONAL DIAGRAM
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FEATURES

Four 8-Bit DACs with Qutput Ampilifiers
0.3" Wide, 20-Pin DIP

Microprocessor Compatible

TTLUCMOS Compatible

No User Trims

Single Supply Operation Possibie

APPLICATIONS

Process Control

Automatic Test Equipment

Automatic Calibration of Large System Parameters
e.g., Gain/Offset

GENERAL DESCRIPTION

The AD7226 contains four 8-bit voltage-output digital-to-analog
converters, with output buffer amplifiers and interface logic on
a single monolithic chip. No exiernai trims are required to
achieve full specified performance for the part.

Separate on<chip latches are provided for each of the four D/A

! converters. Data is transferred into one of these data latches
through a common 8-bit TTL/CMOS (5V) compaubie input
port. Control inputs A0 and Al determine which DAC is loaded
when WR goes low. The control logic is speed-compatible with
most &-bit mucroprocessors.

Each D/A converter includes an output buffer amplifier capable
of dnving up to SmA of output current. The amplifiers’ offsets
are laser-trimmed duning manufacture, thereby eliminating any
requirement for offset nulling.

Specified performance is guaranteed for input reference voltages
from -~ 2V 10 ~ 12.5V with dual supplies. The part s also specified
for singie supply operauon at a reference of ~ 10V,

The AD7226 s fabricated in an all ion-implanted high speed
Linear Compatible CMOS (LC*MOS) process which has been
specifically deveioped 1o allow high speed digital logic circuits
and precision analog circuits to be integrated on the same chip.

PRODUCT HIGHLIGHTS

1. DAC-10-DAC Matching:
Since all four DACs are fabricated on the same chup at the
same time, precise matching and trackuing betwesn the DACs
1s inherent,

2. Single Supply Operation:
The voitage mode configurauion of the DACs allows the
AD7226 1o be operated from a single power supply rail.

information fur~shed by Anaiog Devices s beieved 10 be accurate
and rehable. Mowever no responuibiiity ¢ 2asumed by Anatog Devices
for 1t3 use; mor for any infringements of patents or other rignts of third
parties which may result trom i1s use. NoO hicense i3 granted by ‘mpiice
t10N Or otherwise unyer any Patent or patent rights vt Analcqg Devices.
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3. Microprocessor Compatibility:
The AD7226 has a common 8-bit data bus with individual
DAC latches, providing a versatile control architecture for
siople interface to microprocessors. All latch enabie signais
are level triggered.

4. Smal} Size:
Combining four DACs and four op-amps plus interface logic
into 2 small, 0.3" wade, 20-pin DIP zllows a dramauc reduction
in board space requirements and offers increased reliability
in systems using multiple converters. Its pinout is aimed at
opumizing board layout with all the analog inputs and outputs
at one end oi the package and all the digital inputs at the
other.

AD7226 FUNCTIONAL BLOCK DIAGRAM
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'SINGLE SuPPLY

=5%: VgsmﬂD=DEKB=UV; Vo = +10¥
SPECIFICATIONS s steres 0. 10 D= O s oene it
PARAMETER AD7226K.B, T UNITS CTONDIT JONS:COMMENTS
STATIC PERFORMANCE
Resolution 8 Bits
Total Unadiusted Error’ =2 1LSB max
Differenual Nonlinearity i LSBmax Guaranteed Monotanic
REFERENCE INPUT
Input Resistance b kfl min
1nput Capacitance’ 65 pF min Occurs when each DAC loaded with all 0's.
300 . pF max Occurs whea each DAC loaded withall U's.
DIGITAL INPUTS
Input High Voltage, \ 2.4 V min
Input Low Voltage, Vinu 0.3 V max
InputLamcCurrent =1 WA max Veu = OVorVoo
Ioput Capscitance 8 pF max :
1nput Coding Binary
DYNAMIC PERFORMANCE
Vohage Output Slew Rate® 2 Viusmin
Voltage Ouput Settling Time?
Positive Full Scale Change 5 pS max Sextiing Timeto = 12LSB
Negative Full Scale Change 20 s max Settding Time to = 1/2LSB
Digital Crossuik’ 50 BV secs Typ
Minimusn Lead Resistance 2 k(1 mun Vour = + 10V
POWER SUPPLIES
Vpp Range 14.25t015.75 V'V max For Specified Performance
{po i3 mA max Queputs Unloaded; Vi = YN Of Vo
SWITCHING CHARACTERIST 1Ccs?
Addressto Wnite Serup Time, tas
@5°C 0 nsmin
Tumn 10T max 0 gs min
Address 1o Write Hoid Time, tar
@25°C 10 ns min
T 10 TMAX 10 ps min
Dasa Valid to Write Setup Time, Ips
@25°C 90 ps min
T t0 Tmax 100 nsmin
Data Validto Write Hold Time, toH
@ 25°C 10 as min
Tav 10 Tmax 1@ ps min
Write Pulse Widdh, twx
@25°C 150 psmin
T 10 Traax 200 ns min
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VEEDER-ROOT
- NDUCTIVE PRCXIMIT  SWIT. !

TG LLATION INSTRUCTIONS 576013-190
for aln:

5 - 24 VDC, 2 Wire, N.C. Proportional {(NAM!,.*)
Cutput models

having 9-digit part numbers v iti' the followine
specific designations
Nhgre X can be o |
b 0.9 axcepl whionn
athurwity gpucifiogd

This switeh is suggested for use with the

6 X X X X 6 - 3 X X
15.6 following Veeder-Ruot amplifiers:
6G6D0YO-108, CCA010-101, and 669010-102.

A. NOMINAL ELECTRICAL CHARACTERISTICS

Etoctrical Charactaristica -1
Opnranting Voltage Linwts |
wily Loatf Bemstanes 8L of 1K ¢ - 15vDC

wilh Luiad Hemistancs 1L of 2K/ 12-24V0C

Current Consumption Target Present <imA

Curcent Consumption Targot Abuont & amA

Max. Current Congumption 10mA

Ambicnt Tamporaturg

Opuroting Rango I -25°C o +254C

For fuli product specifications, please consuit the catalog.

.B. LOCATION SELECTION. Veeder-Root inductive prox-

imity switches detect all metal targets approaching the
sensing face laterally (slide-by mode}, axially (head-on
mode), or in any other direction. Veeder-Root does not
recommend the use of the axial mode (head-on) when the ap-
plicution might expose the switch Lo damage by being

struck by Lhe Larget should same control device not operate

properly. :

WARNING: IN INSTALLATION AND USE OF THIS
PRODUCT, COMPLY WITH TIIE NATIONAL
ELECTRICAL CODE; FEDERAL, STATE AND
LOCAL CODES; AND ANY OTHER APPLICABLE
SAFFRTY CODES. IN ADDITION, TURN OFF
POVVER AND TAKE OTHER NECESSARY
PRECAUTIONS DURING INSTALLATION TO
PREVENT PERSONAL INJURY, PROPERTY
LOSS AND EQUIPMENT DAMAGE. IF IN-
STALLATION IS TO BE IN A VOLATILE, CPM-
BUSTIBLE OR EXPLOSIVE ATMOSPHERE, 1. IS
PRODUCT MUST BE HOUSED IN AN \P.
PROPRIATE ENCLOSURE AS REQUIRED 1 Ont
USE IN SUCH ATMOSPHERE BY NATIOJ A .
ELECTRICAL CODE AND ANY LOCAL ...-
PLICABLE STANDARDS.

1. Select locations which allow easy installation and inspec-
tion. Avoid locations where approaching targets are sub-
ject to direct contact with switch. Avoid locations w 1 re
excessive accumulations of chips, dust or dirt exist.

2. Avoid locations where Lhe switch is located in wa er or
where it is subject Lo jels of liquid or continuous ligu.d
splashes. .

3. Minimum spacings as described in the catalog mus e
maintained between two or more proximity switches + d
when metallic object, other than the target, exists in 3} 2
area surrounding the detecting field.

C. INSTALLING THE PROXIMI''Y SWITCH. Af.ur
considering Lhe faclory deseribed in v graph 13, seledt
mounting site for the swilch. Positior Lhe switch so tue
target moves laterally past the sensing face of the switch.

The lateral movement of Lhe targel past Lhe sensing face is
called the Target Path. The nature of the various
mechanical linkages, guides and conveyors that typically

sens b el —\ BRI
e A

g

fanee

L Sensing é

Min.
Cilearance

et Path
riation Face of

Switch

move ( ( ‘gets past Lthe switch are such that variations due
to me lanical play and other factors create a variable
‘Target 'ath. Since the sensing distance on some of Lhese
swit<huvs is very short, they must be precisely edjusted.
Follow the procedure hr re to determine the actual mount-
ing relu ionship betwee.. the switch and target.

1. Position the switch so the target moves laterally past the
sensing face of the switch.

2. Temporarily connect the switch to a suitable control
amplifier or to test circuit (See Figure 1).

3. o see that the switch and indicator are functioning,
bring & metal object, such as a screwdriver blade. into con.
tact with the switch sensing face and see that the output in-
dicator changes slale, or reads less than 1mA.

4. Determine Lhe aclual Largel path variation by examining
those items which physically constrain the target as it
moves past the switch location.

5. ice the actual target in the position where it is to
oper: e the switch. Place the switch in its approximate
mo - ting position but far enough away from the target so
the w~i h does nol operate.

6. MV ove the target away from the switcu to the outer ex-
tremi .y of the aclual target path as determined in step 4.

7. Slo v1» move Lhe swil:h toward the targev until the
switch o .erates. Measure the distance from the sensing
face tc L e target. This is the actual sensing distunce.

8. Mo - the switch toward the target until the distance
from t .e sensing face to the target is 80% of the actual
sensin distance as dete.mined in step 7. This is the usable
sensin distance for the actual target and allows for varia-
tions i . line voltage and temperature.

9. Mc 2 the *argel toward the switch so Lthat the Largel is
posit aed o the inner extremity of the target path as
deter inc.lir step 4. If the Largel touches the sensing face,
the ti r et p..h variation must be reduced or a switen with
a gre L r 3 nsing distance must b s lected.

10. It ta target does not touc : the sensing face of the
switct k. p the target at the i.merm ost extremity of the
target ¢ 1, and move the swi.ch Ltorsard the targel ¥ of
the re nei ing distance. This centralizes the Larget path
within ! e usable sensing dis. - ¢ . :

11. Ser re the switch to the mouv i ng surface.

12. Di: >nnect all power to the switch and remove the tem-
porari connected indicator. Counect desired load pe
Parag: »h D.




are used to guide the design of an active vibration control system which uses a NITINOL

actuator to suppress the vibration of a flexible cantilever beam system.

A. The Flexible Beam System.

(i) Physical system. Figure 20 shows a schematic drawing of the flexible cantilever
beam used in this study. The beam is 2.5 cm wide, 0.075 cm thich and 25 cm long. It is
made of polymethyl methacrylate which has 2 Young’s Modulus of Elasticity of 3500 Mpa
and density of 1.2 gm/cm?3.

A simple 3 element model is used to describe the dynamic characteristics of the flexible
beam. The first element is 5 cm long which is as long as the used NITINOL wire actuator
(A). The second element is taken to be 2.5 cm long such that node 2 lies exactly at the
same location as the position sensor (B). The third element represents the remaining part
of the beam.

In spite of the simplicity of this model, the procedure used in developing it and
integrating it with the remaining part of the control system is general, and can be extended

to other more complex systems.
(ii) Mathematical model of beam-actuator element.

1. Stiffness Matrix. Let us consider the beam-actuator element of length Ly extending

between nodes ¢+ and j as shown in Figure 21. Let us also denote that the external forces
and moments acting on nodes ¢ and j are V; and M; and V; and M, respectively. These
are related to the linear and a.ngﬁla.r deformations of the element y; and §; and y; and 4,
at nodes 1 and j respectively, by the finite element constitutive equations which can be

written in the matrix form(34)

Vi 12 6L; —-12 6L, Y
M+ M _ E:I; | 6L, 4L; —6L; 2L, 8; (22)
-V - L? -12 —-6L, 12 —6L; y; |’
—-Mj - My 6L; 2L, -6L; 4L; 03'
where
E. I, = flextural rigidity of the beam-actuator system
= EyIy + E. I, , (23)
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where
E.4 is Young’s Modulus of the actuater ar i team respectively
Iap is the area of inertia of actuator an:i v .: respectively,
and

My is the control moment developed by the N7 ()L actuator. It can be written as

a product of an actuator force and the wire diamete:.

MN = Fa.ctuat.or G, . (24)

Introducing a shorthand notation, Equation (23) can be written as

F. = K;é (25)
where
F; is the resultant forces and moments vector acting on the beam eleme:nt 1, N
K; is the stiffness matrix of the beam ~ actuator element 1, N/m "
and
é; is the deflection vector of the nodes bounding the beam element, m .

Equation (25) applies to any element of the beam, whether it has a NITINOL actuator
attached to it or not. In the latter case, My is set to zero and flextural rigidity E;I; is set
equal to that of the flexible beam element under consideration.

The force-displacement characteristics of the individual elements of the beam-actuator
system, given for element ¢ by Equation (25), are combined to determine the overall stiffness
of the beam system. The equilibrium conditions of the overall structure will be expressed
as the external forces and moment acting on the nodes of the overall system = 5 forces

and moments acting on the elements at these nodes; or:

N4+ N+1

F=)Y F=) Kié=K6 (26)
1=1

i=1
where K is the overall stiffness matrix of the system (2n * 2n). Bathe and Wilson(®3),

Yang(®®) and Fenner(®%), for example, show how to generate the overall matrix, K from
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the stiffiness matrices K; of the individual elements. For the beam-actuator system under
consideration, the overall stiffness matrix K is given in Table 4 when a 16 mils (0.04 cm)

actuator is used.

2. Mass matrix. The inertial properties of the composite actuator-beam system are

determined using the lumped mass method where the mass and rotational inertia of each
element is distributed among the nodes bounding the element(3?). The diagonal mass

matrix M (2n * 2n) for the actuator-beam system, shown in Figure 21, is written as

[my 0 0 7

0 0

0 my O
6 J; O
0 my 0
_ o J; 0
M = 0 myi 0 ’
Ji+1 O
0 mpy 0
0 JN 0
0 my4 0

L 0 JN+1¢
(27)

where m; = [(wp + y1w,) * Ly]/2
Jy = [(wp + v1w,) * L3]/2
m; = [(wp + Yic1we) * Li—y + (wp + viw,) * L;]/2
Ji = [(wy + yic1wa) * L3, + (wp + yswa) * L3]/12
my+1 = [(wy +7Nvwa) * Ln|/2
In+1 = [(wy + Ywwa) * LY]/12
w,.p = actuator and beam masc per unit length respectively, kg/m.

~; = 1 if an actuator is attached to beam element 2. O if not.

The stiffness and mass matrices K and M, are used in the dynamic equations of
motion of the actuator-beam system. The free vibration solutions of these equations then

define the natural frequencies and normal modes for the cantilevered beam system.
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The mass matrix, normal modes of vibation and the modal shape matrix for the beam

mode] under consideration is given in Table 4.

3. Dynamic model. The equations of motion of the actuator-beam system can be

written as

M§+K6§=F, (28)

a highly coupled system of ordinary differential equations. Using the modal shape matrix
obtained from the free vibration analysis these equations can be transformed into a system
of uncoupled equations, expressed in the modal coordinates of the system(37)

The relationship between the physical displacement coordinates, 6§, and the modal

coordinates, U, is

6= U (29)

where ¢ is the weighted modal shape matrix formed from the eigenvectors of the flexible

system. The equations of motion in the transformed modal space are written

U+oU=7f, (30)

where o is a diagonal matrix of the eigenvalues of the system and f is the modal force

matrix given in terms of the physical control forces, F, by

f=¢TF. (31)

Therefore, monitoring the displacement of the flexible system and generating the ap-
propriate control forces through a proper control law one can determine the modal {orces f
from Equation (31), the modal displacements from Equation (30) and the physical displace-
ments from Equation (29). Accordingly, the effectiveness of the controller in suppressing

the physical oscillations can be determined.

B. Modeling of the Control System
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TABLE 4. THE DYNAMIC CHARACTERISTICS
OF THE TESTED FLEXIBLE BEAM SYSTEM

Stiffness Matrix

( 2266 19 -—-2014 25.6 0 0 7
19 .65 —25.6 22 0 0
—2014 25.6 2020 -25.1 -5.87 52
25.6 22 -25.1 .5 —.52 0.031
0 0 -5.87 -.52 5.87 _‘52.
L 0 0 52 .031 —.52 0.06 J
Mass Matrix
r9.31F — 4 0 0 0 0 0
0 1.51FE -7 0 0 0 0
0 0 2.48F - 3 0 0 0
0 0 0 5.74F - 6 0 0
0 0 0 0 2.17F -3 0 °
- 0 0 0 0 0 5.72E -6
Normal Modes (cps)
2.27 11.8 .23.17 34.23 205.05 387.75 Hz

Modal Shape Matrix

1.13E +00~-4.83E +00 6.77E +00 1.14E + 01 245FE +01 1.64FE + 01
4.28E + 01~ 1.63E + 02 2.01E+02 1.71E+02 - 1.54E + 03 2.05E + 03
245E +00-—-9.30E +00 1.16£+01 1.01EF +01-5.31E +00—6.77E + 00
6.06E + 01 ~1.83E + 02 1.65E + 02 — 3.26E + 02 4.72E + 01 3.08F + 01
2.01£+01-2.05E+00—-7.06E +00 1.32E +00 1.84F — 03 1.84E — 03
1.21E+02 3.12E+02 249E+ 02~ 2.7T1E+01 — 1.39E - 01 — 7.62E — 02
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(i) Layout of the control system. Figures 22-a and 22-b show a layout of an
active vibration control system in which the physical position of the beam is monitored by
a noncontacting sensor. The sensor signal is compared, in the computer, with a desired
equilibrium position. The error signal is processed and sent to the controller via a D/A
converter to power the NITINOL actuator to provide the control action necessary to damp
out the vibration of the beam.

Using the mathematical models of the NITINOL actuator, developed in Section V,
and the beam, developed in Section VI, one can study the effect of the control law on the
dynamic performance of the system.

The effectiveness cf the controller is determined by comparing the performance of
the beam with and without the controller, subjected to step input disturbance. The
disturbance is generated by deflecting the tip of the beamn a known distance (0.228 in)
and releasing it setting up a free vibration in the absence of a controller or a controlled
forced vibration when the controller is activated. The free vibration of the beam serves as
a datum, for measuring the effectiveness of the controller. Figures 23-a and 23-b show the

experimental and theoretical behavior of the freely vibrating beam, respectively.

(ii) Control with one NITINOL actuator. If one NITINOL actuator is placed
parallel to the beam, and mounted between node 1 and the foundation of the beam, then
the control algorithm can be as shown in Figure 24. In this algorithm the control action
is generally ON-OFF where the actuator is switched on when the beam displacement is
positive. In this way the actuator can generate a moment that would counteract the beam
deflection from y; (taken as 0) as shown in Figure 25-a. When the beam deflection becomes
negative the actuator is switched also off as it can not provide any resistance to the beam
motion.

Theoretical performance of the beam under the action of one NITINOL actuator is
shown in Figures 26-a, 26-b and 26-c for dead band levels of 0.0025, 0.005, and 0.0075
in respectively. The figures indicate clearly that the NITINOL actuator has damped out
effectively the positive amplitudes of vibration of the beam. It has, however, increased the
amplitudes of negative displacement of the beam. For exampie, it reduced the maximum

positive amplitudes by 18.9 % but also increased the maximum negative amplitude by 60.0
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FIGURE 24. FLOW CHART OF THE CONTROL SYSTEM ANALYSIS ALGORITHM
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FIGURE 25. ENERGIZATION STRATEGIES OF NITINOL ACTUATOR.
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% , when the dead band is 0.0025”. This unfavorable characteristic is attributed to the fact
that the energization of the NITINOL actuator is maintained whether the beam velocity
Y; is positive or negative. Of course, when the NITINOL produces a momenc which acts
against the beam velocity effective damping is produced. But, when the two have the same
sense then the NITINOL moment assists the beam motion rather than suppresses it.
This undesirable behavior can be improved in two ways. The first is to increase the
dead band of the controller, a strategy illustrated in Figures 26-a through 26-c. But, a more
pronounced improvement can be achieved by deenergizing the actuator when the beam
velocity becomes negative, as shown in Figure 25-b. This would result in the performance
characteristics shown in Figures 27-a and 27-b for dead bands of 0.005 and O in respectively.
A comparison between Figures 27-a and 26-b shows that the degree of overshoot, for
negative displacement has been reduced by 12.4 % . However, the performance of the
control system is still judged inadequate and a desireable vibration contre! function has

not yet been achieved.

(iii) Control with two NITINOL actuators. In order to achieve better perfor-
mance of the active contro] system, two actuators are used, each connected to opposite
sides of the beam, as shown in Figure 28. The performance of the system is shown in
Figures 29-a, 29-b, and 29-c for values of the dead band of 0.005, 0.001 and 0.0005 in
respectively. Significant improvement is achieved both over the single wire controller and
the uncontrolled case, shown, in Figure 23-b.

This theoretically predicted performance of the controller will next be checked against

the experimental behavior of a prototype of the system.

C. The Physical Control System

(i) Electronic circuits. The actual active vibration control system relied in its

operation on three basic electronic circuits.

1. Input/output circuit. This circuit provides an interface between the sensor and

actuator of the active control system and the 6510 micro-computer. Figure 30 shows a
schematic drawing of the circuit to indicate its basic components. The circuit utili.es

an 8-bit A/D converter model AD7824 from Analog devices to provide up to 4 analog

o
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ADDRESS BUS
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FIGURE 30. SCHEMATIC DRAWING OF THE INPUT/OUTPUT CIRCUIT.
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input channels. The converter has a conversion rate of 2.5 us per channel using half-flash
conversion technique. It operates from a 5 V supply and has an analog input range of 0
to 5 V. Detailed specifications of the A/D converter is given in the Appendix.

The circuit also incorporates an 8-bit D/A converter model AD7226 which is capable
of sending 4 output signals that are buffered by a CMOS amplifier. The D/A can develop
+10 V signals across a 2 k() resistor. It has seperate on-chip latches to which data is
transferred through a common 8-bit TTL/CMOS (5V) compatible input port. The D/A
converter has address to write hold time of 10 ns. Detailed specifications of the D/A
converter are given in the Appendix.

An address decode chip 74L138 is used to control the operation of the A/D and D/A
chips.

2. Actuator Contro] Circuit. The energization and deenergization of the NITINOL

actuator are controlled by the control circuit shown in Figure 31. In this circuit, the
output from the D/A is biased by a trim potentiometer and amplified by 741 operational
amplifier. The output of the amplifier is used to trigger an NPN power transistor (2N3055).
The transistor provides, through its collector/emitter amplification, the current necessary

to power the NITINOL actuator from an external power supply.

3. Sensor Circuit. An inductive proximity sensor Model 576013-190 from Veeder-Root

is used to monitor the vibration of the cantilever beam. The sensor is of the non ¢ontacting
type and therefore provides information about the beam displacement without influencing
its dynamic behavior.

The sensor output is amplified by an operational amplifier after controlling its bias
level and then sampled by the A/D converter as shown in Figure 32.

Details of the specifications of the sensor are given in the Appendix.

(ii) Performance of controller. Tne performance of the controlier is determined
experimentally under different conditions to demonstrate the effectiveness of the NITINOL
actuator in damping out the vibration of the experimental beam.

The effect of using one or two actuators on the performance of the controller is inves-

tigated for different maximum actuator voltages and controller dead bands. Furthermore,
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the effectiveness of the controller is checked for changes in the natural frequency of the

flexible beam, achieved by the addition of a weight at different locations along the beam.

1. Performance with Single-Wire Actuator ' .g:-¢< €3-a and 33-b show the time re-

sponse of the cantilever beam without and witi. t:+ a-::ve controller respectively. The
actuator is energized by 0.4 V and 1 A with a deac var.: of G.0025 in. The close agreement
between the measured performance of Figures 33-2 ar< 23-b and the theoretical predictions
shown in Figures 23-b and 26-a is evident. Notice particularly the previously mentioned
featuzes of a single wire controller which are effective in damping the oscillation in the
positive direction only, with increased overshoot in the negative direction.

Tacrezsing the applied voltage from 0.4 V to 0.6 and 0.8 V results in improved damped
characterisiics of the controller as shown in Figures 34-a and 34-b respectively. But, this
is at the expense of bending the beam too far from its original position. The controller
is seen however, to iake some time tc bring it back to that position as it relies only on

natural cooling to achieve such a task.

2. Performance with Two-Wire Actuator

a. Original beam. Figures 35-a, 35-b and 35-c show the time response of the

original cantilever beam without the controller operating at 0.6 A and 1 A respectively.
The dead band of the controller is taken, in the two later cases, as zero. It is evident that
the controller is extremely effective in damping out the vibration, when it is powered by 0.6
A. Based on Figures 35-a and 35-b one sees that the controller has reduced the time needed
to damp out the vibration from 13.6 s to 6 s. Increasing the power input to the actuators
from 0.6 A to 1 A resulted in further reduction in the time needed to come to the original
position. But, once the beam is close to that position the energization and deenergization
of the actuators is seen to excite the beam rather than damp out its vibration.
Introducing dead band ir. the controller is found to be extremely efeciive in utilizing
the fast damping characteristics resulting from increased input power to the actuator
without exciting the beam when it reaches its desired destination. This is manifested in
Figures 36-a and 36-b when the actuators are powered by 1 A but with dead bands of
0.0008" and 0.0016" respectively. It can be seen that the self-excited. vibration problem
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displayed in Figure 35-c is reduced in Figure 36-a and eliminated in Figure 36-b.

b.Beam with added weight. Figures 37-a and 37-b show the time response of the

beam without and with the active controller respectively when a weight of 12.45 gm is
glued to the beam at 12.5 ¢m from its fixed end. Figure 34-a indicates that the natural
frequency of the beam dropped from 2.25 Hz to 2 Hz. With the controller parameters
maintained as those for the original beam, i.e. 1 A and dead band of 0.0016", it can be
seen that this controller is still effective in suppressing the vibration of the beam with the
added weight. Placing the 12.45 gm weight at a2 distance of 20 cm from the fixed end of
the beam resulted in reducing its natural frequency to about 1 Hz as can be seen from
the time response of the uncontrolled beam shown in Figure 38-a. When the same control
law is applied to this beam the resulting response is shown in Figure 38-b. Significant
vibration reduction is still evident. .

The developed controller is judged to be effective and also insensitive to large changes

in the parameters of the flexible system. Accordingly, it is a robust controller.

VII. CONCLUSIONS

This report presented a detailed experimental and theoretical study which aims at
demonstrating the feasibility of utilizing NITINOL actuators in suppressing the vibrations
of simple flexible systems.

The dynamic characteristics of NITINOL actuaiors have been measured over a wide
range of design parameters and operating conditions. Mathematical modelling of the
dynamic characteristics of the actuators have been developed and guided by the obtained
experimental results.

The dynamic model of the actuator is combined with that of the flexible system to
form the bases necessary for designing a NITINOL-based active control system to suppress
tihe vibration of the flexible system.

Detailed design of the control circuits used in the implementation of the controller is
presented. Presented also are the results of testing a prototype of the controller under a
wide variety of control strategies.

The presented theoretical and experimental procedures are general in nature and
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10.

T —

can be equally extended to more complex flexible systems. Furthermore, the presented
results demonstrate clearly the feasibility and the potential of using NITINOL acutator in

controlling the vibrations of flexible structures.

VIII. REFERENCES

Amos, A.K. , Structural Control Research ai AFOSR, Air Force Office of Scientific
Research, Bolling AFB, Washir.ston, D.C. 20332.

Beards, C.F., The Damping of Structural Vibration by Controlled Interfacial Slip in
Joints, Trans. ASME, Journal of Vibration. Acoustics, Stress and Reliability in De-
sign,105, 369-372 (1983).

. Jezequel, L., Structural Damping by Slip in Joints, Trans. ASME, Journai of Vibra-

tion, Acoustics, Stress and Reliability in Design, 105, 497-504 (1983). .

Gaul, L., Wave Transmission and Energy Dissipation at Structural and Machine
Joints, Trans. ASME, Journal of Vibration, Acoustics, Stress and Reliability in De-
sign, 105, 489-496 (1978).

Snowdon, J.C., Vibration and Shock in Damped Mechanical Systems, J. Wiley
& Sons, Inc., New York, 1968.

Balas, M.J., Active Control of Flezible Structure, Journal of Optimization Theory and
Applications, 25, 415-436 (1978).

Balas, M.J., Feedback Control of Flerible System, IEEE Trans. on Automatic Control,
AC23, 673-679 (1978).

Balas, M.J., Direct Velocity Feedback Control of Large Space Structures, Journal of
Guidance and Control, 2, 252-253 (1979).

. Luzzato, E. and M. Jean, Mechanical Analysis of Active Vibration Damping Contin-

uous Structures, Journal of Sound and Vibrations, 86, 455-473 (1983).

Luzzato, E., Active Protection of Domains of a Vibrating Structure by Using Opitmal
Control Theory: A Model Determination, Journal of Sound and Vibrations, 91, 161-
180 (1983).

. Meirovitch, L. and H. Oz, Modal-Space Control of Ditributed Gyroscopic Systems,

Journal of Guidance and Control, 3, 523-528 (1980).

92




12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Os, H., L. Meirovitch and C.R. Johnson, Jr. , Some Problems Associated with Digital
Control of Dynamical Systems, Journal of Guidance and Control, 3, 523-538 (1980).
Meirovitch, L. and H. Baruh, Optimal Control of Damped Flezible Gyroscopic Systems,
Journal of Guidance and Control, 4, 157-163 (1981).

Baz, A., S. Poh and P. Studer, Modified Independent Modal Space Control Method for
Active Control of Flezible Systems, Proc. of 6th Conference on Dynamics and Control
of Large Structures. VPI and State University, June 29 - July 1, 1987, Blacksburg,
Virginia.

Baz, A. and S. Poh, A Comparison Between IMSC, PI and MIMSC Methods for
Controlling the Vibration of Flezible Systems, to appear in Journal of Sound and
Vibration, (1987).

Strunce, T., et al, An Investigation of Enabling Technologies for Large Precision Space
Systems, Charles Stark Draper Laboratory, CSDL-R1499, Vol. III, Nov. 1981.
Aubrun, J. and M. Ratner, Structural Control for a Circular Plate, Journal of Guid-
ance and Control, 7, 535-545 (1984).

Schaecter, D. and D. Eldred, Ezperimental Demonstration of the Control of Flezible
Structures, Journal of Guidance and Control, 7, 527-534 (1984).

Cannon, R. and D. Rosenthal, Ezperiments in Control of Flexible Structures with
Non-Collo.catcd Sensors and Actuators, Journal of Guidance and Control, 7, 546-553
(1983).

Horner, G. Active D.ampz'ng of a Flezible Beam, Proceedings of Symposium on Struc-
tural Dynamics and Control of Large Space Structures, NASA Langley Research Cen-
ter, Pub. #N83-22256, 1-8 (1982).

Baz, A., Ezperimental Control of Vibrations by Piezo-electric Biomorphs, U.S. Army
Research Office, Contract # 23185-EG-11 (1985).

Baz, A., S. Poh and P. Studer, Optimum Vibration Control of Fiezible Beams by
Piezo-electric Actuators, Proc. of the 6th Conference on Dynamics and Control of
Large Structures, VPI and State University, June 29 - July 1, 1987, Blacksburg,

Virginia.

Paz, A. and S. Poh, Effect of Bonding on the Performance of a Piezo Actuator-based




24,

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Active Control System, to appear in Journal of Sound and Vibration , (1987).
Bailey, T. and James E. Hubbard, Jr., Distributec Piezo-electric Polymer Active Vi-
bration Controi of @ Cantilever Beam, Journa. ol " i:czence and Control, 8, 5, 605-611,
(1985).

Forward, R.L., Electronic Damping of Orthogcr.c. Bending Modes tn a Cylindrical
Mast-Ezperiment, Journal of Spacecraft, 18. 1. 1i-17, (1981).

Nakano, Y., Hitachis Robot Hand, Robotics Age. €. 18-20 (1984).

Schetky, L., Shape Memory Effect Alloys for Robo:ic Devices, Robotics Ages, 6, 13-17
(1984).

Schetky, L., Nitinol Devices, Memory Metals, Inc., Stanford, CT (1985).

Perkins, A. (ed.), Shape Memory Effects in Alloys, Plenum Press, NY, 1675.
Wang, F., Innovative Technology International Inc., Beltsville, MD (1985).

Benson, R., R. Flot and C. Sandberg, The Use of Shape Memory Effect Alloys
as an Engineering Material, Proc. of the 15th National SAMPE Tech. Conference,
Oct. 4-6, 1983, 403-414.

Shigley, J. and L. Mitchell, Mechanical Engineering Design, 4th edition, McGraw-
Hill Book Co., New York, NY, 1983.

Kuester, J. and J. Mize, Optimization Techniques with Fortran, McGraw-Hill
Book Co., New York, NY 1973.

Fenner, R.T., Finite Element Methods for Engineers, McMillan Press Ltd., Lon-
don, 1975. .

Bathe, K.J. and E.L. Wilson, Numerical Methods in Finite Element Analysis,
Prentice-Hall Inc., Englewood Cliffs, NJ, 1976.

Yang, T.Y., Finite Element Structural Analysis, Prentice-Hall Inc., Englewood
Cliffs, NJ, 1986.

". Paz. M., Structural Dynamics: Theory and Computation. 2nd edition. Van

Nostrand Reinhold Co. , New York, 1985.

9y




